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SUMMARY 


This report, NASA CR-168195, under Contract DEN3-6 summarizes the results 
of hydrogen permeability measurements on several iron- and cobalt-base alloys 
as well as on two long-range ordered alloys over the range of 705° to 870°C 
(1300° to 1600°F) . The test alloys included wrought alloys N-155 , IN 800, 
A-286, 19-9DL, and 19-9DL modifications with aluminum, niobium, and misch 
metal. In addition, XF-818, CRM- 6 D, SA-F11, and HS-31 were evaluated. Two 
wrought long-range ordered alloys, Ni 3 AI and (Fe ,Ni ^(V.Al ) were also evalu- 
ated. All tests were conducted at 20.7 MPa pressure in either pure and/or 1 % 
CC^-doped H 2 for test periods as long as 133 h. Detailed analyses were con- 
ducted to determine the relative permeability rankings of these alloys and the 
effect of doping, exit surface oxidation, specimen design variations, and test 
duration on permeability coefficient, and permeation activation energies were 
determined. The two long-range ordered alloys had the lowest permeability 
coefficients in pure H 2 when compared with the eight commercial alloys and 
their modifications. With CO 2 doping, significant decrease in permeability 
was observed in the commercial alloys--no doped tests were conducted with the 
long-range ordered alloys. 
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INTRODUCTION 


An automotive Stirling Engine development program under the joint efforts 
of the Department of Energy and NASA-Lewis Research Center will employ high- 
pressure hydrogen as the working fluid. Advantages of the Stirling engine 
include the potential for high fuel efficiency, multiple fuel capability, low 
pollution, and low noise. To achieve these operating characti sties, the Stir- 
ling engine will operate near 820°C under 15 MPa hydrogen pressure. 

Containment of the working fluid (H 2 ) during the high temperature- 
pressure operation is essential to the acceptance of the Stirling engine as an 
alternative to the internal combustion engine. Most commercial alloys are ex- 
tremely permeable to pure hydrogen at high temperatures. In an Interim Report 
to NASA-Lewis, NASA CR-165209, 1 the permeability of uncoated and coated super- 
alloys was evaluated which showed that in pure H 2 the permeabilities of the 
commercial alloys for heater head and heater head tubing applications were too 
high for effective containment. Between refilling, the charged hydrogen must 
be contained effectively for 175 h of operation at 820°C and 21 MPa pressure. 
Doping of hydrogen with C0 2 , along with exit side oxidation, was evaluated to 
decrease permeability. 

This report, NASA CR-168195, under Contract DEN3-6, extends and completes 
the work reported earlier in NASA CR-165209 (Interim Report). In this report 
doped H 2 as well as pure H 2 was used with selected wrought and cast alloys, 
some of modified chemistries, in particular with several modifications of 19- 
9DL base composition. In addition, two long-range ordered (LRO) alloys, Ni^Al 
and (Fe,Ni)3 (V,Al ) , were tested in pure hydrogen. Permeability testing was 
conducted in a test facility specially designed and built by IITRI to operate 
at up to 20.7 MPa pressure and 1200 °C temperature, fable 1 summarizes the 
major features of the various tasks and includes Task I for comparison, 
details of which are given in Interim Report NASA CR-165209. 
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MATERIALS AND EXPERIMENTAL PROCEDURE 


Materials 

Test Materials and Code 

The test materials represented both cast and wrought alloys for heater 
head and tubing application, respectively. Except for the long-range ordered 
alloys, all the other base alloys are commercially available. Seven iron- 
nickel base alloys and two cobalt-base alloys, and several alloys with modi- 
fied chemistries (supplied by NASA) were used in the study. The only nickel- 
base alloy used is the LRO alloy Ni 3 Al; the other LRO alloy is (Fe,Ni ) 3 ( V,A1 ) . 
Both the LROs were specially prepared by Oak Ridge National Laboratory (ORNL), 
Oak Ridge, TN. The alloys and their codes are given in Table 2. 

The chemical compositions of the eight commercial alloys are given in 
Table 3, and those of the modified 19-90L alloys are shown in Table 4. Table 
5 shows the chemical composition of standard HS-31 used in Task IX along with 
XF-818, CRM-6D, and SA-F11, whose standard analyses are given in Table 3. 

Material Microstructure 

All the wrought commercial alloys had a primarily single-phase austenitic 
structure with varying amounts of carbides, depending on the carbon level. 

The cast alloys were used in the as-cast condition where the structure was 
single-phase austenite with significant amounts of dendritic second phase. In 
XF-818 and SA-F11, the dendritic second phase contained large amounts of car- 
bides and borides. In CRM-6D the structure showed mainly carbide in the den- 
drites. Because of the high Mn level, there was significant porosity in this 
alloy structure. Typical microstructures of the eight commercial wrought and 
cast alloys were shown in Reference 1. 

The six modified 19-9DL alloy structures were evaluated optically, and 
SEM/EDX analyses of selected samples were made. These microstructures are 
shown in Figs. 1 to 4. The unmodified as-received 19-9DL showed an equiaxed 
structure (Fig. la) with some large primary carbides and uniformly distributed 
particles of a finer phase in the matrix. The larger carbides appeared blocky 
and well outlined at high magnifications (M 33 Cg and MgC) and were thought to 
be remnants of primary carbides which did not dissolve during the heat treat- 
ment. 
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In the 19-9DL alloy modifications coded CA and CB, the 9% Ni content of 
19-9DL was Increased by 2 1/2%, and 0.5% and 1% Al were added to CA and CB 
modifications, respectively. Alley code CA (Fig. lb) showed larger elongated 
grains with many elongated irregular-shaped grain boundary (gb) carbides which 
were surrounded by clusters of finer carbides. Some gb' s displayed only a 
thin continuous layer of carbides; a very fine phase was also present in the 
matrix. The modification code CB (Fig. lc) showed a much finer grain struc- 
ture than CA. Blocky, outlined carbides appeared to have a bigger average 
size and higher volune percent. At a higher magnification in SEM, the con- 
trast between modification codes CA and CB may be noted in Figs. Id and e, 
respectively. EDX analyses of the carbides showed that the brighter particles 
were rich in Nb and Ti, and the light gray carbide showed mainly Fe and Cr 
with small amounts of Ni , Nb, and Mo. 

Modification codes CD and CE of 19-9DI. consisted of the additions of 2.5% 
Ni and 2% Nb in code CD alloy and additions of 5% Ni and 5% Nb in code CE 
alloy. Figure 2a shows a 125X optical photomicrograph of modification CD. 
Grains were less elongated than the code CA alloy, and the size is intermedi- 
ate between modifications CA and CB. Grain-boundary carbides were well- 
defined and of irregular shape. Blocky carbides along gb's and in their 
vicinity comprised a significant volume fraction. Figures 2b and c show SEM 
details; an EDX analysis indicated that the brighter carbide particles con- 
tained high Nb and some Ti , and gb carbides were rich in Fe and Cr. 

Alloy modification CE (5% Ni, 5% Nb) exhibited a more equiaxed grain 
structure than CD (Fig. 3a). All the carbides appeared as clusters of small 
outlined particles located mostly at gb or gb junctions. The matrix contained 
a very fine, uniformly distributed phase that was visible only at higher mag- 
nifications. Clusters of carbides observed in modification CE had two types 
of carbide particles: (a) scripted and outlined particles, and {*) clearly 

outlined particles which were separated from one another. Figure'; 3b and c 
showed typical areas with highly contrasted carbides on a uniform background. 
EDX analysis showed that the scripted phase contained Fe and Cr with small 
amounts of Nb and Ni . Blocky, rectangular- shaped particles were very rich in 
Nb (Fig. 3d) with small amounts of Ti , Cr, Fe, and Ni . 

Modification codes CF and CG contained the addition of 2.5% Ni in both 
the alloys along with 0.1% and 0.3% misch metal, respectively. A comparison 
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of Figs. 4a and c Indicates that both the alloy modifications had similar 
elongated grain structure with modification CG showing a little finer grain 
structure. Both the modifications contained relatively finer, rounded car- 
bides at the gb's as well as in the matrix phase (Figs. 4b and d). EDX of the 
larger carbides from modification CG showed mainly Nb with some Ti , and little 
Fe and Ni. The carbides from modification CF were finer, and EDX analysis 
invariably contained significant contribution of the matrix phase. 

Four commercial alloys, namely, XF-818, CRM-6D, SA-F11, and HS-31, evalu- 
ated and reported earlier in NASA CR-165209, were supplied by NASA. These 
alloys were evaluated in Task IX, and the microstructures were analyzed opti- 
cally as well as with SEM/EDX. Figures 5a and b show the dendritic structure 
and interdendritic carbides at two magnifications. In Fig. 5b, the solid- 
looking carbide (A) differs from the lamellar carbide (B) which was richer in 
Mo while the solid-looking carbide had a higher Cr. Figures 5c and d show the 
Mo and Cr X-ray maps of the respective carbides. 

Figure 6a shows the dendrites of XF-818 to be somewhat smaller than those 
of CRM-6D shown in Fig. 5a. The interdendritic carbides were lamellar as well 
as scripted (Fig. 6b) with a significant Mo concentration (Fig. 6c). 

The SA-F11 microstructure revealed dendrites (Fig. 7a) that were somewhat 
smaller than those of XF-818 and more disconnected. Consequently, interden- 
dritic spaces displayed high connectivity and a fine lamellar carbide product 
(Fig. 7b). The carbide-bearing areas were found to be richer in W and Cr as 
compared to the matrix. 

Figure 7c shows a low-magnification microstructure of HS-31, a cobalt- 
base alloy. With a higher content of high melting elements (W, Ta, Cr, etc.) 
and higher carbon content, the matrix consists of cobalt-rich solid solution 
fee structure with both matrix and gb carbides. In Fig. 7d, the microstruc- 
ture consisted of a large M 7 C 3 particle and gb M 23 C 6 in a fee matrix. EDX 
examination showed that both types of carbides were rich in Cr and/or W. 

The Ni 3 A1 structure of uniform single phase, having polygonized large 
grains with twinning, is shown optically in Fig. 8a and in backscattered SEM 
in Fig. 8b. Polishing and etching have createa relief in the grain pattern 
clearly seen in both figures. 
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The ( Fe ,Ni ) 3! V ,A1 ) structure is much more complex as shown in Figs. 8c 
and d for optical and SEM (backscattered) photomicrographs, respectively. The 
grain size is much finer with a very large quantity of second-phase particles 
distributed on a twinned matrix phase in the form of segregated bands. 

Figures 9a and b show the distribution and nature of the second phase in 
( Fe»Ni )3(V,A1 ). An optical photomicrograph is shown in Fig. 9c for comparison 
with the SEM photos in Figs. 9a and b. The particles are regular- shaped and 
faceted, similar to y'particles of the nickel superalioy system. Several 
elongated particles are seen (arrow on Fig. 9a). The EDX spectra of the fac- 
eted and elongated particles, very similar in chemical composition, are shown 
in Fig. 9d. A semi quantitative analysis of the matrix shows the following 
composition (%): Ni 45.8, Fe 30.1, V 23.0, Ti 0.41, and A1 0.60. A similar 

analysis of the elongated particles indicated the following (X): Ni 46.3, Fe 

29.4, V 22.2, Ti 0.53, A1 1.2. The similarity in composition is to be noted, 
and a significant contribution from the background matrix phase might have 
contributed to it. 


Experiaental Procedure 

Specimen Design 

Figure 10 shows the different specimen designs used in this study. Most 
of the tests were conducted with a 4-hole design as shown in Fig. 10(e). In 
NASA permeability tests, 2-4 tubular specimens with 0.81 mm wall thickness were 
used. In order to simulate similar material thickness and at the same time 
avoid membrane deformation or rupture, the multi-cavity design of Fig. 10(e) 
was used in Tasks VII, VIII, and IX, as indicated in Table 1. Effect of spec- 
imen design on permeability measurement is discussed in more detail in 
Appendix A. 

Test Equlpwent and Procedure 

Permeability measurements were made in a specially designed test facility 
for operation at 20.7 MPa and temperatures up to 1200°C. A schematic diagram 
of the test system is shown in Fig. 11. The system consists of a balanced 
pressure design in which the hydrogen pressure in the internal unit is bal- 
anced by nitrogen pressure in the annulus between the permeability unit and 
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the outer pressure vessel. The equipment internal arrangement details are 
shown in Fig. 12. 

The specimen and the top specimen holder are assembled under a force of 
17.8 kN at room temperature outside the permeaoil ity test facility. This 
assembly is maintained under pressure with a clamping device during incorpora- 
tion into the test unit. Subsequently, the clamping pressure is maintained by 
the adjustable spring loading assemb’y at the top of the test vessel. The 
collecting chamber is then attached, and the exit side seal arrangement is 
checked to see if there is a good cold seal. This is determined if the vacuum 
reaches 17 Pa or less. If the initial seal appears to be adequate, the assem- 
bly is heated to the highest temperature in the testing sequence, usually 
870°C, and held at that temperature under vacuum overnight prior to permeabil- 
ity measurements. 

At the beginning of a permeability test at the desired test temperature, 
the output side seal leak rate is checked at atmospheric pressure by isolating 
the collecting chamber from the vacuum pump. A good seal will show less than 
0.3 Pa/min increase in pressure. If the leak rate is acceptable, the jacket 
is pressurized with nitrogen (very slowly to preserve the delicate specimen 
seals) to 20.7 MPa with a vacuum maintained on both the entrance and exit 
surfaces. At full pressure, the temperature is allowed to stabilize. The 
collecting chamber is isolated, and the nitrogen leak rate test begins. The 
results are recorded on a strip chart for approximately 1 h. This test pro- 
vides the baseline leak rate correction for permeability measurements. At the 
end of the leak rate test, the collecting chamber is evacuated to the initial 
value at the beginning of the leak rate test (usually less than 1.5 Pa). High 
purity hydrogen in the case of a pure hydrogen test, or doped hydrogen (usual- 
ly 1% C0 2 ) in the case of a doped hydrogen test, is introduced to the inlet 
side of the specimen to begin the permeability tests. The collecting chamber 
is isolated again, and H 2 permeation is monitored by the thermistor gauge for 
the duration of the test (usually 5 h). 

If the pen on the strip chart goes off scale, the collecting chamber is 
evacuated and then isolated again to give additional "senes" of tests in the 
test day. By the end of the first series, the permeability is usually at a 
steady state. 
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For multiple temperature tests, both sides of the test sample were evacu- 
ated following the permeability test. The temperature was then reset to the 
temperature selected for the subsequent day's test. The specimen was again 
held overnight at the selected test temperature prior to the next test. In 
most cases, multiple temperature tests were conducted without cooling to room 
temperature. Temperature range was 705° -870 °C. It was common practice to 
conduct the test at each temperature in a decreasing temperature sequence 
because the specimen initially seals better at the higher temperatures. 

Prior to permeability tests, the collecting chamber thermistor gauge was 
calibrated for both hydrogen and nitrogen by injecting known volumes of the 
respective gases into the chamber. This procedure was repeated several times 
with different voliraes in order to obtain two calibration curves as shown in 
Fig. 13. These calibration curves convert millivolt output of the thermistor 
gauge directly into volumes of hydrogen and nitrogen at the chamber tempera- 
ture (kept at a constant above-room temperature with a tape heater), which are 
then converted to H 2 and N 2 volumes at standard pressure and temperature. 

Since the hydrogen permeation thermistor gauge trace consists of milli- 
volt output due to both the nitrogen "leak" and to the hydrogen permeating 
through the sample, the nitrogen trace was subtracted from the hydrogen per- 
meation trace, as shown in Fig. 14. This difference (a) provided a third plot 
of millivolt output versus time due to hydrogen permeation alone, converted to 
a plot of ml of hydrogen (STP) versus time using the calibration curves shown 
in Fig. 13. A typical final plot of hydrogen permeation versus time for a 
typical test is shown in Fig. 15. 

An excellent seal between the top specimen holder and the specimen groove 
was obtained by applying successively finer lapping compounds between the mis- 
matched angle groove interface (holder 70°, specimen 60°), and by rotating the 
top specimen holder around the compound filled groove of the fixed specimen. 
The bottom seal is created by using a graphoil gasket between the flat bottom 
of the specimen and the raised seal surface on the bottom specimen holder. 

The bottom seal surface consists of a series of concentric grooves on a fiat 
plateau 10 mm in diameter (the same as the diameter of the groove seal). 
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Si—iry Pita of Test Parameters 

A total of 55 tests were conducted in Tasks VII, VIII, IX, and X, as out- 
lined in Table 1. These tests are analyzed in the next section and compared 
with data from 21 tests conducted under Task I and reported earlier. 1 Com- 
plete test parameters of the 55 tests are given in Tables 6, 7, 8, and 9 fo*- 
Tasks VII, VIII, IX, and X, respectively. 

Calculations of Permeability, Diffusivity, and Solubility 

Assuming diffusion of hydrogen atoms through an isotropic structure at 
these high temperatures to be the principal rate-controlling process, hydrogen 
flow can be expressed thus: 


j 


t 



1/2 



( 1 ) 


where j t = hydrogen flux normal to the sur*— e ot the specimen, cir s _1 
* = permeability coefficient, cm^ cm - * s~* MPa - */ 2 
A = specimen area, cm 2 
ax = specimen thickness, cm 

p.j , p 0 = input and output H£ pressure, respectively, MPa 
Under steady-state condition, 

Jt = I? IC o- C i> 12 

where C Q and C.,- are the solute (H) concentrations at the output ami input 
surfaces, respectively. 

With diffusion as the rate-controlling step and assuming ideal behavior 
as a monoatomic gas: 

C = Kp 1/2 (3) 


%-A ' 
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where C = hydrogen (solute) concentration 
K = solubility constant 
p = external hydrogen pressure 

Combining Eqs. 2 and 3, 


OKA, 1/2 . 1/2, 

AX ' F 0 


From Eqs. 4 and 1, we obtain 


( 4 ) 


* = DK (5) 

If the output pressure of hydrogen, p Q , is very much less than the input 
pressure, p^, such that p 0 ^ is negligible when p^ is 20.7 MPa , as is the 
case in study, then 


= p.l/2 

AX 


( 6 ) 


The “lag time," 0 L — the intercept which the steady-state portion of the 
curve makes with the time axis, as shown in Fig. 15— is related to the diffu- 
sion term (0) for this system according to the equation: 


e 


L 



W 


(7) 


Thus, for each test two independent measurements were made to obtain 
separately, j t and e L ; and from Eqs. 6 and 7, independent values of $ and D 
were determined. Then using Eq. 5, K, the solubility constant, was derived 
which thus incorporated and possibly enhanced the existing uncertainties in 
the independent measurements of * and D. 

The diffusion and solubility terms, D and K, respectively, may be assumed 
to obey an Arrhenius-type relationship with temperature: 


D = D 0 exp (-Q d /RT) (8) 

K = K 0 exp (-Q k /RT) (9) 

where D 0 and K 0 are the respective pre-exponential diffusion and solubility- 
related terms, and Q 0 and Q K are the respective activation energies. 
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Using Eq. 5, one then obtains: 


Q 

= Q 0 exp (-Q^/RT) 

(10) 

when * 0 

D o K o 

(11) 

and Q, 

= Go 

f 12) 


EXPERIMENTAL RESULTS 


All the experimental data on permeability are grouped separately for each 
task. The permeability data from all these tasks are compared and analyzed in 
the following manner: 

Effect of Alloy Composition on Permeability in Pure H 2 

• Modified 19-9DL Alloys (Task VIII) 

• XF-818, CRM-6D, SA-F11, and HS-31 Alloys (Task IX) 

• Two Long-Range Ordered Alloys, NioAl and 
(Fe,Ni ) 3 ( V , A1 ) (Task X) 

Effect of Oxides on Permeability 

• Effect of Doped H 2 on Permeability 

Comparison of Doped vs. Pure H 2 on 19-9DL, N-155, 

IN 800 and A-286 (Tasks VII vs. I) 

Comparison of Doped H 2 on 19-9DL (Std.) vs. Modi- 
fied 19-90L (Tasks VII vs. VIII) 

Comparison of Doped vs. Pure H 2 on XF-818, CRM-6D, 

SA-F11, and HS-31 (Task IX). 

• Effect of Exit Oxide 

Effect of Alloy Composition on Permeability in Pure 
Modified 19-90L Alloys (Task VIII) 

Table 10 simmarizes the permeability results for the six 19-9DL modified 
alloys at four different test temperatures. At each temperature, the alloys 
may be ranked as shown in Table 11. It is to be noted, however, that the <j> 
values do not necessarily vary widely between the least and highest permeable 
alloys at each temperature as shown below: 
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Least Permeability 

Highest Permeability 

Temp. , 
°C 

Alloy (Code) 

♦ (in E-Q6 
units 3 ) 

Alloy (Code) 

(in E-06 
units) 

705 

2.5Ni, 0.5A1 

(CA) 

14.2 

2.5Ni , 1.0A1 

(CB) 

35.0 

760 

2.5Ni , 2.0Nb 

(CD) 

37.2 

5.0Ni , 5.0Nb 

(CE) 

79.2 

815 

2.5Ni , 0.3MM b 

(CG) 

65.4 

5.0Ni , 5.0Nb 

(CE) 

172 

870 

2.5Ni , 0.5A1 

(CA) 

138 

2.5Ni , 2.0Nb 

(CD) 

211 


a Unit = cm 3 cm' 1 s' 1 MPa' 1/2 . 
= mi sch metal . 


In Fig. 16, the <j> values for each alloy are plotted as the reciprocal of 
absolute temperature. The vertical bars positioned at respective temperatures 
(the ones for the doped H 2 are included for later analysis) indicate the range 
of measured $ values for the different alloys. The lengths of the bars indi- 
cate that the lowest and highest permeability values are within one order of 
magnitude. The average t values for all the six alloy modifications shown in 
Fig. 16 are plotted in Fig. 17 against 1/T, and a regression line was fitted 
to obtain the following results: 

Permeability Statistical Analysis Parameter 

Activation Correlation 
Y-intercept slope Energy (Q), Coefficient 

Item (ln V (Q/R) kJ/mole (R 2 ) 


All 6 alloy modifications 3.59 -13.9 116 1.00 

of 19-901 in pure H 2 


In the earlier study (Task I, NASA CR-165209), the activation energy of 
standard alloy 19-9DL in pure H 2 was noted as 80 kJ/mole. There are, however, 
several differences between the test parameters of Task» I and VIII, in addi- 
tion to alloy chemistry modifications, and these are as follows: 


Item 


Specimen Design 
Thickness, Area, 

mm nm 2 Exit Surface 


Activation Energy 
(Q), kJ/mole 


Task VIII 0.82 17.6 Oxidized 116 

Task I 5.50 78.5 Not oxidized 80 
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The higher activation energy for permeation observed in Task VI i I is thus 
a combined effect of alloy modifications and surface oxidation effect, as well 
as specimen area and thickness factors. 

In permeability tests, a test series was usually started at the highest 
temperature and consisted of so-called “sequences." Thus, the four tempera- 
tures of 870°, 815®, 760°, and 705°C tested on four different days were 
called: 

870°C - Sequence 1 
815 °C - Sequence 2 
760°C - Sequence 3 
705 °C - Sequence 4 

Sequence 1 at 870°C started without any preoxidation of the exit surface. In 
pure H 2 tests, no oxidation occurred on the entrance side throughout the 
tests, but in doped H 2 , the 870°C and the subsequent lower temperature tests 
developed oxides of increasing thickness on the entry side. For various 
reasons, a sequence step may have been immediately rerun for a separate read- 
ing, which was given the same sequence number with a suffix "b" added to it, 
the first one being indicated with suffix "a." 

Figure 17 analyzes the average permeability coefficient of the six modi- 
fied 19-9DL alloys, whereas the data for 19-9CL alloy modification CE with 5 % 
Ni and 5% Nb are plotted in Fig. 18. The fitted regression line had a slope 
of -13.2 (Q = 110 kJ/mole) with R^ = 0.94, indicating a good correlation of 
the data with temperature. 

XF-818, CM4-60, SA-F11, and HS-31 Alloys (Task IX) 

Permeability data in pure H 2 obtained at four temperatures, 870° to 
705°C, are sunmarized in Table 12. Permeability values increased with 
temperature with XF-818 showing the highest values at 705® and 870®C; the 
rankings at the highest and lowest temperatures are as follows: 
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Rank 


870°C 

Alloy <t>, E-06 units 3 

Least 

» : 

Highest 


a Unit = cnr* cm - * s”^ MPa - *^. 


Alloy $ 


705°C 

$>, E-06 units 


93.5 

HS-31 

9.50 

107 

CRM-60 

10.1 

112 

SA-F11 

13.0 

173 

XF-818 

39.0 

-1/2 


Permeation activation energy for each alloy was obtained by plotting In $ 
vs. 1/T, as shown in Fig. 19. Linear regression lines were fitted through the 
data to obtain the terms $ 0 and Q, the activation energy as well as the multi- 
ple correlation coefficient, given below: 

Permeability Statistical Analysis Parameters 

Activation Correlation 
Y-mtercept slope Energy (Q), Coefficient 

Alloy (1n V (Q/R) kJ/mole (R 2 ) 



-13.8 

-16.2 


Except for CRM-6D, the R^ values ranged from 0.95 to 1.00 indicating a good 
fit of the data. 

Earlier in Task I, the three iron-nickel base cast alloys, XF-818, CRM- 
60, and SA-F11, and the cobalt-base alloy, low carbon Stellite 6B (LC), all in 
standard commercial compositions, were evaluated in pure H 2 in the 650°-815°C 
temperature range. These results were summarized in NASA CR-165209. 

In Fig. 19, the permeation data for Task I alloys were plotted to compare 
with those of Task IX alloys. The slopes indicated that the activation ener- 
gies of the Task I alloys were all lower; in other words, the Task IX alloys 
had an improved performance, as shown below: 
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Activation Energy (Q.) 
in Pure H 9 , kj/mole 9 

Alloys 

Task IX 

Task I 

XF-818 

86 

52 

CRM-6D 

158 

69 

SA-F11 

115 

49 

HS-31 

135 

34 


The observed significant improvements in lowered permeability at the 
higher temperatures (above 760°C) and higher activation energies may be due to 
a combination of the following: 

1. Differences in the alloy chemistry/ treatment in 
XF-818, CRM-6D, and SA-F11. 

2. Significant compositional differences between 
standard Stellite 6B (LC) and HS-31; e.g., W: 

3.84 (6B) and 7.5 (HS-31); Ni : 2.08 (6B) and 10.5 

(HS-31); Cr: 29.2 (6B) and 25.5 (HS-31). 

3. Task I alloys were tested without any exit surface 
oxidation whereas Task IX alloy specimen exit 
surfaces were oxidized. 

Two Long-Range Ordered Alloys (Task X) 

The two long-range ordered alloys (LROs) selected for evaluation were 
supplied by Oak Ridge National Laboratory (ORNL), with the following chemistry 
and sample numbers: 

Alloy Type Sample No. Code Test No. 

Ni 3 Al IC-50-B IC 112 

(Fe ,Ni ) 3 ( V , A1 ) LR0-55-F LR 113 


The test samples were supplied in the form of flat disks, 2.78 and 2.36 
mn thick for Ni 3 Al and (Fe.Ni ) 3 (V,A1 ) , respectively, conforming to specimen 
design shown in Fig. ’"'*). According to Dr. C. T. Liu of ORNL, the order- 
disorder temperature (T c ) of Ni 3 A1 exceeds 1350°C and that for ( Fe ,Ni ) 3 (V,A1 ) 
is above 900°C. Below these temperatures, these ordered wrought alloys are 
strong and tend to increase in strength with temperature. While strength data 
for the two tested alloys were not available, typical strength values of three 
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other LROs shown In Fig. 20 s Indicate progressive increase in yield strength 
with temperature up to the critical ordering temperature (T c ) while those of 
Hasten oy X and 316 SS continually decreased. 

Both the alloys were tested in pure H2 with exit surfaces not oxidized 
between sequences. The permeability data are summarized in Table 13. The 
permeability values in both the alloys are extremely low, and at a temperature 
as high as 815°C the permeation values were less than 1.0 E-06 cm 3 cm" 1 s _1 
MPa” 1 ^ 2 , the reliable detection limit of the apparatus of the present design. 
These 4 values are plotted in Fig. 21 as In 4 vs. 1/T, where T is the test 
temperature in the absolute scale. 

In Fig. 21, two lines were fitted by linear correlation, one for Ni 3 Al 
and the other for (Fe,N1) 3 (V,Al) and the following parameters were obtained: 


Permeability Statistical Analysis Parameters 


Y-Intercept 
Alloy (ln +0* 

Ni 3AI 7.39 

(Fe,Ni) 3 (V,Al ) 7.33 



Activation 

Correlation 

Slope 

Energy (Q), 

Coefficient 

(Q/R) 

kJ/mole 

(R 2 ) 

-21.4 

178 

0.83 

-21.8 

177 

0.30 


The significantly low permeability coefficients of the two LRO alloys in 
pure H2-- -compared at a typical temperature of 815 °C with the standard and mod- 
ified alloys tested in Tasks I, VIII, and IX— are given below: 


Permeability 


Task 

A1 1 oys 

Coefficient {4) 
in Pure Ho at 815 °C, 
in E-Ob units 3 

Activation 
Energy (Q), 
kJ/mole 

I 

N-155, IN 800, 19-9DL, 
A-286, CRM-6D, XF-818, 
SA-F11, 6B (LC) 

19-43 

34-80 

VIII 

Six modified 19-9DL alloys 

100 (avg) 

116 (avg) 

IX 

XF-818, CRM-6D , SA-F11, 
HS-31 

50-120 

86-158 

X 

Ni oAl ; 

4.5; 

178 (for 


(Fe,Nl) 3 (V,Al) 

3.2 

both alloys) 

a Unit 

= cm 3 cm -1 s' 1 MPa -1 / 2 
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The two LRO alloys exhibited at least an order of magnitude lower permea- 
bility In pure H 2 when compared with Task I commercial alloys tested under 
similar specimen design (solid disks) with no exit surface oxidation. In both 
Tasks VIII and IX, similar multicavity specimen design was ust d with exit sur- 
face oxidation and these results are thus not directly comparable with Task X 
data. 

Because the Task X permeability values were mostly beyond the reliable ’ 
detection limit of the present equipment design, a large scatter in the data 

O 

Is reflected in the low R values of about 0.80. With equipment modification 
to improve detection of lower permeability coefficients and additional tests, 
the LRO permeabilities could be more accurately determined. 

Effect of Oxides on Permeability 
Effect of Doped Hp Permeability 

Comparison of Doped vs. Pure Hy in Four Alloys (Task Vll vs. I) . The 

four commercial alloys evaluated were N-155, 19-9DL, IN 800, and A-286. A 
total of 20 tests were conducted in H 2 doped with 1 % C0 2 . The same four 
alloys were evaluated in pure H 2 in Task I. The similarities and differences 
between Tasks VII and I test conditions are summarized in Table 1. All the 
Task VII permeability data are summarized in Tables 14 and 15. 

Figure 22 plots the pure H 2 (Task I) and doped H 2 (Task VII) permeability 
coefficients of four alloys. Significant differences in alloy response to 
doping are evident. The related activation energies are summarized below: 


Permeation 
Activation Energy, 

Alloy Environment kJ/mole 


N-155 

Doped H 2 

63 


Pure H 2 

79 

19-9DL 

Doped H 2 

199 


Pure H 2 

80 

IN 800 

Doped H 2 

69 


Pure H 2 

78 

A-286 

Doped H 2 

139 


Pure H 2 

60 
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In 19-9DL and A-286 alloys, doping increased permeation activation energy 
more than twofold, but did not affect permeation activation energy in N-l 55 
and IN 800 significantly. The high activation energies for 19-9DL and A-286 
are reflected in the higher permeability values at 760°C and higher tempera- 
tures and in the much lower values at temperatures lower than 760°C. Because 
Task I tests were conducted to 650°C and not above 315°C, permeability coeffi- 
cients at two intermediate temperatures, 705° and 815°C, were calculated from 
Fig. 22 and these are summarized in Table 16. 

Table 16 data show that at 815°C in these short duration tests (total 
time 20 to 25 h) H 2 permeation appears to be unaffected by the development of 
oxide on the entrance surface due to doping with permeation coefficient 
remaining larger than in pure H 2 . Later, longer term tests showed that with 
an effective buildup of oxide, 4 decreased significantly (see Appendix A). 

Comparison of Modified 19-901 vs. Standard 19-90L Alloys In Doped 
Hydrogen (Task VIII vs. Vil) . In Task VIII, six modifications of 19-90L 
alloys were evaluated at four different temperatures in 1% C0 2 -doped H 2 , 
tested in duplicate. All the permeability data are summarized in Table 17. 
Using the average of the duplicate 4 values, the six different alloy modifica- 
tions are ranked in Table 18. 


Table 18 data show that an alloy which is of lower permeability at one 
temperature does not necessarily retain the relative lower permeability prop- 
erty at the higher temperature. For example, the least and highest permeabil- 
ities were as follows: 


Temp, °C 
705 
760 
815 
870 


Least 

2 . 5 N i , 1.0A1 
5 .ONi , 5.0Nb 
5.0Ni , 5.0Nb 
2.5Ni , 0.5A1 


Highest 
2.5Ni, 0.3MM a 
2.5Ni , 0.1MM 
2.5Ni, 0.1W1 
5. ONi, 5.0Nb 


a MM = misch metal . 


It is to be noted, however, that at 870°C, exit surface oxides were not 
created by oxidation. At all other temperatures, a deliberate high tempera- 
ture oxidation in air built up an oxide layer which would have affected per- 
meability differently depending on the relative oxidation properties and the 
amount of alloying elements present in the composition. 
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Table 18 data also show that the*2.5N1 addition with 1.0A1 performed 
better thv.i most other alloys at all four temperatures. A similar good 
performance was noted for the 2.5N1, 2.0Nb modification. 

While the ranking shows the different permeation tendencies between the 
alloy modifications. In absolute terms, the $ values did not differ signifi- 
cantly, as indicated below: 


Least Permeability Highest Permeability 


Temp., 

°C 

Alloy (Code) 

’♦ Ifn E-Ub 
units 3 ) 

Alloy (Code) 

1 (in E-OE 
units) 

705 

2.5N1 , 1.0A1 

3.15 

2.5N1, 0.3MM b 

17.7 

760 

5. ONI , 5.0Nb 

10.7 

2. 5N1 , 0.1MM 

34.2 

815 

5. ONI, 5.0Nb 

18.1 

2.5N1 , 0.1MM 

58.6 

870 

2.5N1, 0.5A1 

107 

5 .ONi , 5.0Nb 

187 


a Un1t = cm 3 cm " 1 s " 1 MPa' 1/2 . 
b MM = ml sch metal . 


The average 4 values In doped H 2 (from Table 18) are plotted vs. 1/T and 
shown In Fig. 16. The six alloy ranges of $ values and the average $ values 
are Indicated on Fig. 16. The permeability coefficient difference between the 
least and highest values Is less than one order of magnitude with the largest 
difference, a factor of 6 (doped, 705°C) decreasing with temperature to about 
a factor of 2 (doped, 870 °C). 

In order to determine the effect of doped environment In producing 
dynamic oxidation (and maintaining an oxide layer) and thereby decreasing per- 
meation by affecting H 2 activation energy, the average 4 valuer of ail six 
modifications were analyzed versus 1/T through statistical correction. The 
statistically fitted lines for the doped values have the following parameters. 
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Permeability 

Statistical Analysis 

Parameters 

Item 

Y-intercept • 
On 

Slope 

(Q/R) 

Activation 
Energy (Q), 
kJ/mole 

Correlation 

Coefficient 

(R 2 ) 

All six 19-9DL alloys 
(mod.) in doped H 2 

7.74 

-19.1 

159 

0.96 

All six 19-9DL alloys 
(mod.) in pure ti 2 

3.59 

-13.9 

116 

i.OC 


The lower activation energy in pure H 2 i" one indication of the barrier 
put up by the dynamic oxidation process created by doping. However, in these 
short duration tests, the reduction in $ due to inside oxide was small; the 
effect of the cuter oxide with time, therefore, was investigated and is dis- 
cussed in Appendix A. 

A comparative analysis of Tasks VIII, VII, and I permeability data in 
pure and doped H 2 indicates the following: 

• Task VIII vs. VII (average of all 6 modifica- 
tions). In doped H 2 , there appears to be no 
difference in permeation activation energy between 
the standard 19-9DL (161 kJ/mole) and the average 
of all 6 alloy modifications (159 kJ/mole) 

• Task VII vs. Task I (19-9DL, std.). In the stan- 
dard alloy, doping appears to double the activa- 
tion energy for permeation (80 to 161 kJ/mole} 

( Task VIII, Doped vs. Pure H 2 (6 alloy average). 

This comparison shows that doping increases Q for 
H 2 permeation by 40% and decreases permeability 
proportionately. 

Coayarison of Doped vs» Pure H? on XF-818, CRM-6D, SA-F11, and HS-31 
(Task IX) . The test data of tne cast alloys, XF-818, CRM-6D, SA-F11, and 
HS-31 in pure and doped H 2 are summarized in Table 19. The test data in pure 
H 2 have been analyzed earlier and compared with pure H 2 permeability of these 
four cast alloys conducted under Task I. 

In the doped H 2 tests, the effect of C0 2 dopant in building up surface 
oxide on the entry side was further evaluated by running an additional 
sequence 5 test at 87Q°C, in essence repeating sequence 1 test after 15 h of 
testing at the three lower temperatures. These data are indicated at the 
lower row of Table 19. 


20 


Table 19 data show that, in all cases, permeability was larger in pure H-, 
than in doped-H^; the significance depending on alloy composition and tempera- 
ture. The largest differences were noted in CRM-6D as noted below: 


Sequence 

Temp., 

*C 

Ratio of 
♦pure / *doped 

1 

870 

1.8 

2 

815 

2.6 

3 

760 

8.7 

4 

705 

7.7 


The data Indicate a signlfic it Increase in the ratio at the lower tem- 
peratures in CRM-60. In other words, 11 C0 2 was more effective in reducing 
permeation in CRM-60 at 760* and 705°C. A similar behavior was noted earlier 
in alloys A-286 and 19-90L (see Fig. 22). The behavior of the three other 
alloys was somewhat different as seen below: 



Temp., 

Ratio of ap^e/fdoped 

Sequence 

°C 

XF-blB 

HS-31 

SA-F11 

1 

870 

1.3 

1.1 

1.1 

z 

815 

2.2 

0.9 

2.4 

3 

760 

2.4 

1.3 

1.5 

4 

705 

3.0 

1.1 

2.3 


These data show that a trend exists in the effectiveness of doping ac- 
tion, which increases at the lower temperatures. HS-31 showed the least 
effectiveness of doping at all four temperatures, while XF-818 showed a trend 
similar to that shown for CRM-60. 

A comparison of 870°C doped H 2 data for sequences 1 and 5 indicates the 
time effect; sequence 1 was completed In 5 h, and sequence 5 between 20 and 
25 h. However, in sequence 1, the exit surface had no oxide present. A com- 
parison of Table 19 data indicates that t decreases with time in the following 
manner. 
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Alloy 


Ratio of 
*(25 h)^(S h) a 


XF-818 

0.85 

HS-31 

0.78 

SA-F11 

0.28 

CRM-60 

0.19 


a At 870°C, 1% C0 2 -doped H 2 . 


Similar time effects were observed in extended tests conducted with IN 800 and 
19-901, and these data are analyzed in Appendix A. 

The complex relative behavior of doping and time effects in reducing per- 
meability of these alloys as well as in 19-9DL and A-286, analyzed earlier, 
must be in some way related to the chemistry as well as to the nature of oxide 
scale with preferential element concentration and protective scale formation 
at different temperatures . Generally, chromium and manganese enrichment has 
been noted. Complex spinels form, and their stability in hydrogen at high 
temperature dictates permeability. In a significant study, Schuon and 
Misencik 4 have suggested that in COo-doped H 2 , reduction in H 2 permeability 
was more strongly affected by the minor elements of the alloy chemistry — A1 , 
Ti, Nb, o” La. In the alloys investigated, A1 and Ti were present in 19-9DL 
(std. as well as mod.), IN 800, and A-286 while Nb+Ta were present in XF-818, 
and CRM-6D, as well as in 19-9DL (mod.) alloys. Extended tests with 19-9DL 
(mod.) alloys had indicated a time effect as shown in Appendix A. 

The $ values from Table 19 were plotted as a function of temperature as 
shown in Fig. 23. Linear regression lines were drawn through the data and the 
related statistical data are summarized in Table 20. 

The order of activation energies in doped and pure H 2 is as follows: 


Rank 

Doped H ? 

Pure Hj> 

Renarks 

1 

CRM-6D 

CRM-60 

Highest Q 

2 

HS-31 

HS-31 

i 

3 

SA-F11 

SA-F11 

T 

4 

XF-818 

XF-818 

Lowest Q 


It may be seen that under doping, the relative ranking did not change. 
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Effect of Exit Oxide 

That an exit surface oxide can dause a significant decrease in permeation 
was shown by Schuon and Mlsenclk. 4 In NASA rig tests, the tube outside is 
heated in air and develops a continually increasing thickness of oxide. To 
simulate this effect, several tests were conducted with IN 800 where, for a 
period, the exit surface was left in vacuw/H 2 and later exposed to air at 
high temperatures. The results of these tests are summarized in Table 21 and 
shown In Figs. 24, 25, and 26. 

During the first 25 to 30 h exposure, there was no exit surface oxidation 
and permeability decreased very slowly as shown In Figs. 24 to 26. However, 
after 25 h, the sample exit surface was exposed to air at the high tempera- 
tures between test sequences and a rapid drop in permeability took place In 
the following period both with doped H 2 (entrance side oxides present) and 
with pure H 2 . 

On each test sequence, several series of measurements were made and these 
are shown In the form of a bar depicting the overall range values in Figs. 24 
to 26. The sequence numbers are Indicated, and estimated curves are drawn to 
Indicate the rate of decrease. It is quite apparent that once exit surface 
oxidation had started, the rate of decrease accelerated. 

The effect of exit oxide on permeability In cast alloys can he determined 
by comparing the activation energies of pure H 2 tests of Task IX with those of 
Task I. The Q values are as follows: 

Q, kJ/mole 

A1 1 oys Task IX Task I 


XF-818 

86 

52 

CRM-60 

158 

69 

SA-F11 

115 

49 

HS-31 

135 

34 


The much higher Q for values Task IX tests indicate the oxide development 
on the exit side; the Task I tests were conducted without the exit sides ex- 
posed to air. However, the specimen designs were different for Tasks IX and 
I, whereas those for IN 800 alloys tested In Task VII were Identical. These 
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IN 800 tests clearly indicated tnat exit surface oxide buildup can contribute 
significantly to reduction of permeability and behaves in a manner similar to 
entry side oxide buildup caused by H2 doping. 


SUMMRY OF RESULTS 


Hydrogen permeability was measured on several iron- and cobalt-base 
alloys as well as on two long-range ordered alloys over the temperature range 
705° to 870°C. Both pure and 1% (X^-doped hydrogen were used. The results of 
this study are summarized below: 

• Significant reduction in hydrogen permeability 
occurred with ii CO2 doping of hydrogen. 

• Hydrogen permeabilities in 1% C0 2 -doped H 2 at 
815°C in the wrought alloys were 38 to 68 E-06 cm 3 
cm -1 s' 1 MPa" 1 ' 2 , and in,, the cast alloys 9 to 60 
E-06 cm 3 cm' 1 s' 1 MPa' 172 . 

• To decrease permeability to 1.0 E-06 cm 3 cm' 1 s' 1 
MPa' 1 ' 2 , it was necessary to expose 19-9DL alloys 
to time periods of 70-80 h in doped H2. Combined 
with exit surface oxidation, permeability in doped 
Ho could be reduced to 1.0 E-06 level in about 

50 h. 

• 19-90L composition modifications did not contrib- 
ute to a significant reduction in permeability 
when compared with standard 19-9DL alloy in pure 
H2» However, doping was more effective in reduc- 
ing permeability in the modified 19-9DL alloys 
when compared with pure H2 permeability. 

• Hydrogen permeability of pure H2 in the long-range 
ordered alloys (LROs) Ni 3AI and (Fe,Ni ^(Y.Al ) 
were much lower than those in all the commercial 
and modified wrought and cast alloys, and values 
cf 1.4 to 4.3 E-06 cm 3 cm' 1 s' 1 MPa' 1 ' 2 were 
possible in pure H 2 at 815 °C; doped H 2 tests were 
not conducted. The pure hydrogen permeation 
activation energies of the LROs were about 180 
kJ/mole as compared to 40-80 kj/mole for the 
commercial alloys. 
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APPENDIX A 


EFFECT OF TEST CONDITIONS 
Specimen Design Effect 

The different specimen designs used in this program are shown in Fig. 10. 
The initial specimen design. Fig. 10(a), used in Tasks I to III was modified 
to the newer design. Fig. 10(b), with the sample in both designs having the 
same 10 mm diameter permeation area. The specimen thicknesses of 5.1 to 6.4 
mm were chosen to reduce stresses due to 20.7 MPa H£ pressure at 870°C. 

In Task VII, the possibility of specimen thickness affecting permeability 
in doped H 2 was considered in analyzing IITRI and NASA data. NASA tests were 
performed using tubes with a 0.81 mm wall thickness. The thinnest monolithic 
specimen possible in IITRI tests under standard design is 2.5 mm, as shown in 
Fig. 10(c). A pressure of 20.7 MPa over the 78.5 mm 2 area could cause a large 
stress of 40 MPa to develop in the specimen, and at the higher temperatures, 
the specimen may deform. Membrane thickness equal to NASA tube wall thickness 
was obtained using multicavity specimens. Single cavity, 4-cavity, and 7- 
cavlty modifications were tried, as shown in Figs. 10(d) and (e). Typical 
photographs of multicavity specimens are shown in Fig. 27. 

A 7-cavity specimen worked well, but the overlapping high stresses caused 
observable deformation as shown in Fig. 28a. The outline of the depressed 
region containing the seven cavities appeals lighter in the photograph. SEM 
photomicrographs cf the base of the holes on the exit side (tensile side) show 
cracks as may be seen in Fig. 28b. Because of these problems with the 7- 
cavity specimen design, all remaining tests under Tasks VII, VIII, and IX were 
made with the 4-cavity design; Task X tests were made with Fig. 10(b) design— 
a thin, monolithic specimen. 

A membrane area of significant amount is needed to obtain sufficient 
hydrogen permeation, and typical results comparing single-cavity, 4-, and 7- 
cavlty specimen are given in Table 22. The data show that a single-cavity 
specimen had such a low membrane area (4.4 mm 2 ) that total hydrogen collection 
was Inadequate for permeability calculation. Both 4- and 7-cavity designs 
with areas of 17.6 and 31.2 mm 2 were sufficient for adequate measurement. 
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However, for reasons of high stresses, the 7-cavity design was not used, as 
mentioned earlier. 

Effect of Time and Test Sequence on Permeability 

In all the standard tests, the specimen permeability measurements lasted 
for a duration of about 5 h at each temperature. In doped-H 2 , such a short 
time did not allow for the development of a significant thickness of oxide on 
the inlet surface (relative to membrane thickness of about 0.8 mm), and the 
effect of longer test duration was evaluated. in several tests, some of which 
are indicated below: 


A1 loy 

Specimen 
Desi gn 
(Fig. 10) 

Test 

Area, 

ITHr 

Test 

Thick- 

ness, 

nut 

Test 

Sequence 

Cumulative 

Time, 

h 

Permeability, 
E-06 units® 

IN 800 
(test 68) 

(b) 

78.5 

5.9 

i- 16 

17-27“ 

81.8 

51.1 

80 to 40 
40 to 3 

IN 800 
(test 75) 

(d) 

4.4 

0.76 

1-5 h 
6-10 b 

28.5 

26.7 

10 to 7 
7 to <1 

19-9DL 

(2.5Ni ,1.0A1 ) 
(test 111) 

(d) 

17.6 

0.76 

l-5 b 

46.0 

i40 to 24 

a Unit = cm^ cm' 

_1 s _1 MPa' 

-1/2 






Specimen exit surface oxidized between sequences. All tests conducted at 
815°C in 1% C0 2 -doped H 2 . 

Alloy IN 800 permeability results for 133 h using thick, monolithic 
specimens (test 68) are plotted in Fig. 29. Out of a total of 27 sequences 
(average 5 h) evaluated, typical values of 8 sequences were plotted and an 
estimated curve was drawn through these data points. During the first 16 
sequences, the exit surface was not oxidized and only a factor of 2 decrease 
in permeability occurred solely due to entrance side oxide buildup from 
doping. However, beyond about 80 to 90 h, a combination of entry side oxide 
buildup with external oxide formation reduced permeability by an order of 
magnitude. 
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Alloy IN 800 permeability data for 55 h using a single-cavity thin speci- 
men (test 75) are plotted in Fig. 30. « The trend shows that a very large drop 
In permeability occurred with time. 

One standard and two modified 19-9DL alloy coupons were tested in several 
sequences for as long as 60 h, and these data are given in Table 23. Test 111 
data plotted in Fig. 31 show a sharp decrease in permeability with time in 1 % 
C0 2 -doped H 2 with exit surface oxidation. 

The results indicate that doped hydrogen will slowly build up an internal 
oxide layer which will decrease permeability. However, it takes anywhere from 
70 to 80 h to build up enough oxide thickness (the thickness is also relative 
to the wall thickness) which may also be a function of alloy chemistry, tem- 
perature, and related parameters. However, if sufficient time is allowed, 
both internal oxide due to doping and external oxidation can effectively re- 
duce permeability coefficient to a level below 1.0 E-06 cm 3 cm* 1 s" 1 MPa" 1 / 2 
at 815°C— the desired goal for adequate retention of hydrogen for a 6-month 
refilling interval in an operating automobile. 
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TABLE 1. MAJOR FEATURES OF VARIOUS TASKS 


U> 

o 


Task 

I 

Task VII 

Task VIII 

Task IX 

Task X 





Alloy (Code) 



N-155 

(A) 

N-155 (A) 

19-90L 


Long-fange 





+ 2 l/2Ni , 1/2A1 (CA) 


ordered alloys. 

IN 800 

(B) 

IN 800 l 

[B] 

\ 

+ 2 1/2N1 , 1A1 CB 


NIoAl and 

19-9DL 

(C) 

I 19-9DL l 

rfi] 

1 + 2 1/2N1. 2Nb (CD) 


(Fe ,N1 ) 3 (V ,A1 ) 

A-286 

(D) 

A-286 | 

m 

1 ^ 

+ 5N1 , 5Nb (CE) 







+ 2 1/2N1, 0.1 MM* (CF) 







+ 2 1/2N1 , 0.3 MM* (CG) 







*MM = Mlsch Metal 



CRM- 60 

(J) 



' 

CRM 6D (JA) 


6B LC 

(K) 




SA-F11 (PA) 


SA-FI1 

(P) 




XF-818 (QA) 


XF-818 

(Q) 




HS-31 (RA) 






Envl ronment 





Doped, 1% C0o 

Doped, 1% C0 2 

Doped, 1% C0 2 




Doped, 1% CO 





Pure H 2 


Pure H 2 


Pure H 2 

Pure H 2 

Pure H 2 





Specimen Design 



Solid, 

thick 

Solid, thick 




Solid, thin 



Solid, thin 







With holes (1, 

4, 7) 

4 holes 

4 holes 






Temperatures, °C 



650 


705 


705 

705 

705 

705 


760 


760 

760 

760 

760 


815 


815 

815 

815 

815 


870 


870 

870 

870 





Exit-Surface Oxidation 



None 


Yes, on some 


All tests 

All tests 

None 



tests. 









Time, h 



5 to 25 


5 to 133 


5 to 60 

5 to 25 

5 to 25 
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TABLE 2. MATERIALS AND CODES 


Iron-Base Alloys 


Task I 



Wrought Alloys 


Cast Hlloys 

Code 

Alloy 

Code 

A1 loy 

A 

N-155 

J 

CRM-6D 

B 

IN 800 

P 

SA-F11 

C 

19-9DL 

G 

XF-818 

D 

A-286 




Modified 

Iron-Base Alloys 

Task IX 


Wrought 19-9DL 


Cast Alloys 

Code 

Modifications 

Code 

Alloy 

CA 

2.5Ni + 0.5A1 

JA 

CRM-6D 

CB 

2.5Ni + 1.0A1 

PA 

SA-F11 


• 

• 


CD 

2.5Ni + 2.0Nb 

GA 

XF-818 

CE 

5 . ONi + 5.0Nb 



CF 

2.5Ni + 0.1 Misch metal 


CG 

2.5Ni + 0.3 Misch metal 



Cobalt-Base Alloys 


Code 

Alloy 



K 

LC £B How -arbon alloy 6B) 


RA 

HS-31 * 




Long-Range Ordered Alloys 


Code 

Alloy 



IC 

Ni 3AI , No. IC-50-B 



LR b 

(Fe,Ni) 3 (V,Al), No. 

LR0-55-F 
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TABLE 3. COMMERCIAL SUPERALLOYS 3 


Element 

SA-Fll b 

*XF-818 b 

CRM-6D b 

Stellite 6B 

>4-155 

19-9DL 

IN 800 

A-286 

C 

0.64 

0.23 

1.11 

0.41 

0.11 

0.31 

0.08 

0.05 

Si 

0.60 

0.38 

0.48 

0.36 

0.83 

0.80 

0.14 

0.16 

Mn 

0.49 

0.17 

3.30 

1.04 

1.20 

0.83 

0.71 

0.11 

P 

0.038 

0.009 

0.016 

0.031 

- 

0.023 

0.022 

0.015 

S 

0.018 

0.015 

0.020 

0.008 

- 

0.01 

0.007 

0.008 

Fe 

48.36 

53.28 

63.46 

2.05 

28.82 

66.28 

47.25 

55.76 

Ni 

17.12 

18.80 

5.45 

2.08 

20.04 

9.28 

30.10 

25.05 

Cr 

23.17 

18.21 

22.67 

29.21 

21.60 

18.86 

20.38 

14.16 

Mo 

0.15 

7.30 

1.14 

0.90 

2.90 

1.48 

- 

1.72 

U 

7.39 

- 

1.05 

3.84 

3.05 

1.30 

- 

- 

Mb + Ta 

- 

0-42 

1.20 

- 

1.10 

0.42 

- 

- 

Ti 

- 

- 

- 

- 

- 

0.20 

0.30 

2.35 

Co 

- 

- 

- 

59.80 

20.50 

- 

- 

- 

Other 

0.448 

1.1B 

“ 


0.15N 

0.13CU 

0.31A1 

0.16A1 

0.004D 


Heat treatment: Plates heated to the following temperatures in argon and air 

cool ed: 


N-155 - 1182°C (2160°F) 
A-286 - 982 °C (1800°F) 

Composition in weight percent. 

Cast alloys. 


Incoloy 800 - 1121°C (2050°F) 
19-9DL - 977°C (1790°F) 


ORIGINAL PAGE IS 
OF POOR QUALITY 
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TABLE 4. MODIFIED 19-9DL ALLOYS 


All oy 

Identification 

Code 

Modifications 

C 

Unmodified 9 

CA 

2.5N1 

+ 0.5A1 

CB 

2.5N1 

+ 1.0A1 

CC b 

5.0NT 

+ 1 .OAT 

CD 

2.5Ni 

+ 2.0Nb 

CE 

5.0Ni 

+ 5.0Nb 

CF 

2.5N1 

+ 0.1 Mlsch metal 

CG 

2.5Ni 

+ 0.3 Misch metal 


Unmodified 19-90L was also tested. Modifica- 
tions are In addition to the following 
standard composition. 

C 0.30, Mn 1.10, Si 0.60, Cr 19, Ni 9.0, 

Mo 1.25, W 1.20, Nb 0.40, Ti 0.30, 

Fe - balance. 

b Alloy available but not tested. 


TABLE 5. NOMINAL CHEMICAL ANALYSIS OF HS-31 a 


El ement 

Composition, 

wt% 

C 

0.5 

Si 

0.75 

Mn 

0.75 

P 

0.04 b 

S 

0.04 b 

Fe 

2.0 b 

Ni 

10.5 

Cr 

25.5 

W 

7.5 

Co 

54 


a Standard alloy analysis. 
b Maximum. 


33 




TABLE 6. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY TEST PARAMETERS 
FOR N-155, IN 800, 19-9DL, AND A-286 ALLOYS (TASK VII) 


Test 

No. 

Sample 

No. a 

Specimen 

Desiqn b 

Area , 

2 

mm 

Thick- 

ness, 

mm 

Temp. , 
°C 

Test 

» c 

sequence 

Cumulative 

Time, 

h 




Alloy 

N-155 




56 

A400 d 

(b) 

78.5 

6.1 

650 

4 

20.4 





705 

3 

15.4 






760 

2 

1C.1 






815 

1 

5.1 






815 

5 

24.9 

59 

A403 

(b) 

78.5 

6.1 

650 

4 

17.1 





650 

8 

36.8 






705 

3 

12.1 






705 

5 

21 .7 






760 

2 

7.4 






760 

6 

26.0 






815 

1 

2.6 






815 

7 

31 .6 






870 

9 

42.1 

61 

A405 

(b) 

78.5 

6.1 

870 

1 

4.4 

63 

A407 

(b) 

78.5 

6.1 

705 

1 

5.2 





705 

6 

17.8 






760 

2 

7.8 






815 

3 

11.3 






870 

4 

14.0 






870 

7 

22.7 

76 

A500 

(d) 

4.4 

.89 

705® 

4 

14.6 





760® 

3 

10 5 






81 5 e 

2 

6.9 






870 

1 

3.5 






870 e 

c 

J 

17.8 

77 

A5U1 

(e) 

31.2 

.86 

705® 

4 

17.1 




750® 

3 

12.0 






81 5 e 

2 

6.8 






870 

1 

3.1 

/ 





870 e 

5 

22.3 




IN. 

800 




64 

B405 

(b) 

78.5 

6.3 

705 

1 

5.3 




760 

2 

10.4 






815 

3 

13.9 






870 

4 

18.4 

65a 

B406 

(b) 

78.5 

6.3 

870 

1 

4.0 
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TABLE 6 (cont.) 


Test 

No. 

Sample 

No.® 

Specimen 

DesiqrJ* 

Area , • 

2 

mm 

Thick- 

ness, 

nm 

65b 

B407 

(b) 

78.5 

6.2 

66 

B408 

- (b) 

78.5 

6.2 


67 B400 (b) 78.5 5.9 


68 B401 (b) 78.5 5.9 


Cumulative 


Temp. , 

Test r 

T ime 

°C 

Sequence 1- 

h 

705 

4 

17.2 

760 

3 

13.7 

815 

2 

8.4 

870 

1 

4.9 

870 

5 

21.2 

705 

4 

19.2 

705 

6 

29.7 

705 

8 

40.6 

705 

10 

49.4 

760 

3 

13.4 

815 

2 

7.9 

870 

1 

2.7 

870 

5 

24.9 

870 

7 

35.1 

870 

5 

45.5 

870 

11 

54.9 

705 

1 

4.7 

705 

5 

25.9 

705 

7 

36.3 

705 

9 

46.3 

705 

11 

57.2 

705 

15 

77.4 

760 

2 

10.1 

760 

14 

72.6 

815 

3 

15.3 

815 

13 

67.4 

870 

4 

20.4 

870 

6 

31.1 

870 

8 

41.1 

870 

10 

51.1 

870 

12 

62.2 

815 

1 

4.0 

815 

2 

9.3 

815 

3 

14.4 

815 

4 

19.6 

815 

5 

24.9 

815 

6 

30.5 

815 

7 

35.4 

815 

8 

40.5 

815 

9 

45.3 

815 

10 

50.8 

815 

11 

55.8 

815 

12 

61.1 

815 

13 

66.3 
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TABLE 6{cont.) 


Test 

No. 


68 


59 


71 


72 


73 




Area , 

2 

Thick- 


Test 

Cumulative 

Sample 

Specimen 

ness, 

Temp. , 

Time, 

No 

Design^ 

mn 

mm 

°C 

£ 

Sequence 

h 





815 

14 

71.6 





815 

15 

76.6 





815 

1 6 

81.8 





815 

17 e 

87.5 





815 

18 e 

93.1 





815 

19 e 

98.2 





815 

20 e 

102.2 





815 

21 1 

106.1 





615 

22 e 

109.8 





815 

23^ 

114.1 





81 5 

24 e 

119.5 





815 

25p 

123.8 





815 

26p 

128.2 





815 

27 e 

132.9 

B402 

(b) 

78.5 

5.9 

815 

1 

4.1 




815 

2^ 

10.4 





815 

3p 

15.7 





815 

4 e 

20.7 

B403 

(b) 

78.5 

6.0 

815 

1 

5.2 




815 

2 

12.1 





815 

3 

17.1 





815 

4 

22.2 





815 

5 

27.2 





815 


32.4 





815 

il 

37.8 





815 

8 l 

43.5 





815 

9 l 

48.9 





815 

lG e 

55.1 

B409 

(c) 

78.5 

2.7 

815 

1 

3.0 




815 

0 

7.0 





815 

3 

12.0 





815 

4 

17.5 





815 

5 

22.6 





815 

6 e 

27.8 





815 

7 fc 

33.0 





815 

8 e 

38.2 





815 

9 e 

43.5 





815 

10* 

48.5 





815 

n e 

53.5 

B410 

(c) 

78.5 

2.6 

815 

1 

3.6 




815 

2 

8.9 





8i 5 

3 

13.9 





815 

4 

9.5 





815 

5 

24.6 
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TABLE 6 (cant.) 


Test 

No. 

Sample 

No. a 

Specimen 

Design* 5 

A-ea, 

2 

mm 

• Thick- 
ness, 
mm 

Temp. , 
a C 

Test 

Sequence 0 

73 





815 

6* 






815 

7* 






815 

8 e 






815 

o 






815 

io e 

74 

B500 

' (d) 

2.01 

.76 

815 

1 






815 

2 






815 

3 






815 

4 






815 

5 






815 

6 1 






815 

7; 






815 

8 e 






815 

9 e 






815 

io e 

75 

B501 

(d) 

4.38 

.89 

815 

1 






815 

2 






815 

3 






815 

4 






815 

5 p 






815 

6 * 






815 

7* 






815 

8 e 






815 

S e 






815 

io e 




li 

-SDL 



78 

C500 

(e) 

31.2 

.86 

705 

4* 



7 hole 



760 

3 e 






815 

2 e 






870 

1 

80 

C501 

(e) 

17.6 

.86 

705 

4 e 

« 



4 hole 



750 

5 e 






315 

2 e 






870 

1 




A- 2. 

86 



79 

0500 

(e) 

31.2 

.86 

705 

4® 



7 hole 



760 

3 e 






315 

2 e 






870 

1 


Cumulative 

Time, 

h 


29.6 

34.6 

39.9 

45.2 

50.4 

4.3 

9.5 

15.0 

20.4 

25.9 
3C.9 

34.2 

37.2 

42.2 

47.1 

5.0 

10.2 

15.7 

21.0 

28.5 

33.8 

39.0 

44.1 

50.1 
5d.2 


2G.0 

13.2 
8.1 
3 0 

20.4 

15.3 
10 1 

5.0 


20.8 

16.2 

10.7 

5.0 
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TABLE 6 (concl.) 


Test 

No. 

Sample 

No. a 

Specimen 

Design* 5 

Area , 
2 

mm 

Thick- 

ness, 

mm 

Temp. , 
°C 

Test 

r C 

Se :.er:ie 

r t ~ 

- ^ - u • C 

rim 

n 

82 

D501 

(e) 

17.6 

00 

705 

4 e 

21 .1 



4 hole 



76C 

3 e 

15.7 






815 

2 e 

10.4 






870 

i 

5.4 


a For alloy codes see Table 2. 

b See Pig. 10 for identification of (b), (c), (d), and (e). 
c Tests started with sequence 1. 

^Except for tests 67, 66, and 73, all tests were conducted with H 9 + 1" CO.,. 
Tests 67 and 66 were done with + 1% CO and test 73 in pure H ? . 

e 0xidation of exit side between test sequences in each test; sequence 1 did not 
have the exit side oxidized. 
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TABLE 7. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY 
TEST PARAMETERS FOR 19-9DL MODIFIED ALLOYS (TASK VIII) 


Cumulative 


Test 

Sample 

Thickness, 

Temp. , 

Test 

Time 

No. 

No. 

ran 

°C 

Sequence 

h 

81 

CA500 b 

0.91 

870 

1 

5.4 




815 

2 

10.5 




760 

3 

16.0 




705 

4 

16.0 

83 

C6500 b 

0.76 

870 

1 

5.2 




815 

2 

10.6 




760 

3 

15.7 




705 

4 

21 .0 

85 

CB501 C 

0.79 

870 

1 

5.0 




815 

2 

8.6 




760 

3 

13.6 




705 

4 

18.7 




705 

4' 

23.7 

86 

CA501 C 

0.84 

870 

1 

5.2 




870 

1 * 

5.0 




815 

2 

10.1 




760 

3 

15.5 




705 

4 

20.8 

87 

CD500 b 

0.85 

870 

1 

5.3 




815 

2 

10.7 




760 

3 

15.0 




705 

4 

21 .2 




870 

5 

25.9 

88 

CA502 b 

0.83 

87G 


5.1 




815 

2 

10.0 




760 

3 

15. C 




705 

4 

19.8 




870 

5 

24.8 

89 

CB50? b 

0.81 

870 

1 

3.6 




815 

2 

8.9 




760 

3 

14.4 




705 

4 

19.5 




870 

5 

24.3 

90 

CD502 b 

0.83 

870 

1 

5.0 




815 

2 

10.2 




760 

3 

15.3 




705 

4 

20.4 




870 

5 

26.0 
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TABLE 7 (cent.) 


Test 

No. 

Sample 

No. 

Thickness, 3 

mm 

■ t ■ 

Temp. , 

°C 

Test 

Sequence 

Cumulati ve 
Time, 
h 

91 

CE500 b 

0.80 

870 

1 

5.1 




815 

2 

10.3 




760 

3 

15.4 




705 

4 

20.4 




870 

5 

24.8 

92 

CG500 b 

0.81 

870 

1 

5.9 




815 

2 

10. C 




760 

3 

15.2 




705 

4 

20.2 




870 

5 

24.2 

93 

CF500 b 

0.84 

870 

1 

5.3 




815 

2 

1C. 3 




760 

3 

15.3 




705 

4 

20.3 




870 

5 

25.3 

94 

CE502 b 

0.31 

870 

1 

5.2 




815 

2 

10.2 




760 

3 

15.2 




70S 

4 

20.2 




870 

5 

25.2 

95 

CF502 b 

C.84 

870 

1 

5.2 




31 a 

2 

10.2 




760 

3 

15.3 




705 

4 

20.3 




870 

5 

25.4 

9C 

CD501 C 

0.84 

870 

1 

5.0 




815 

2 

10.2 




760 

3 

15.2 




705 

4 

20.2 

97 

CE501 C 

0.81 

87G 

1 

5.0 




815 

2 

10.0 




760 

3 

15.0 




705 

4 

20.0 
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TABLE 7 (concl .) 


X 


Test 

No. 

Sample 

No. 

Thickness, 3 

urn 

Temp. , 
°C 

Test 

Sequence 

Cumulative 

Time, 

h 

98 

CF501 C 

0.85 

870 

1 

5.0 




815 

2 

10.4 




760 

3 

15.4 




705 

4 

20.5 

99 

CG501 c 

0.84 

870 

1 

5.0 




815 

2 

10.0 




760 

3 

15.0 




705 

4 

20.2 

100 

CG502 b 

0.84 

870 

1 

5.0 




815 

2 

10.0 




760 

3 

15.0 




705 

4 

20.4 




870 

5 

25.4 




870 

6 

30.4 




815 

7 

35.5 




760 

8 

40.0 

109 

C501 b 

0.04 

015 

3 to 8 

60 

no 

C0500 b 

0.85 

815 

1 to 5 

52 

ill 

CB500 b 

0.76 

815 

1 to 5 

47 


a Four-hole specimens were used in all these tests with an area of 
17.6 mm2, Fiq, 10(e). Exit surfaces were oxidized after test sequence 1. 

°The environment was JL + 1% (XL. For alloy sample code see Table 2. 

c The environment was pure Hp. 
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TABLE 8. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY TEST 
PARAMETERS FOR XF-818, HS-31, SA-F11, AND CRM-6D ALLOYS (TASK IX) 


Test 

Sample 

Thickness, 3 

Temp., 

Test 

Cumulative 

No. 

No. 

mm 

°C 

Sequence 

Time, h 

101 

QA500 b 

0.83 

870 

1 

5.0 




815 

2 

10.0 




760 

3 

15.0 




705 

4 

20.5 




870 

5 

25.5 

102 

RA500 b 

0.83 

870 

1 

5.0 




815 

O 

u 

10.3 




760 

3 

15.3 




705 

4 

20.3 




870 

5 

25.3 

103 

PA500 5 

0.86 

870 

1 

5.0 




815 

2 

10.0 




760 

3 

15.1 




705 

4 

20.0 




870 

5 

25.0 

104 

JA500 b 

0.86 

870 

1 

5.0 




815 

2 

9.3 




760 

3 

14.8 




705 

4 

20.0 




870 

5 

24.8 

105 

QA501 C 

0.85 

870 

1 

5.0 




815 

2 

10.2 




760 

3 

15.4 




705 

4 

20.4 

106 

JA501 C 

0.86 

870 

1 

5.0 




815 

2 

10.1 




760 

3 

15.3 




705 

4 

20.4 

107 

PA50l c 

0.86 

870 

1 

5.1 




815 

2 

10.2 




760 

3 

15.2 




705 

4 

20.2 

108 

RA501 C 

0.86 

870 

1 

5.2 




815 

2 

10.3 




760 

3 

15.8 




705 

4 

21.3 

a Fou 

r-hole specimens were used in 

all these 

tests with an 

area of 17.6 

mnr 

(Fig. lOe). 





b The environment 

was H 2 + 1 % CO 2 . 

For alloy sample code. 

see Table 2. 


c The environment was pure H 2 . All exit surfaces were oxidized after 
sequence 1 . 
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TABLE 9. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY 
TEST PARAMETERS OF TWO LONG-RANGE ORDERED ALLOYS (TASK X) 


Test 

No. 

Sample 

No. a 

Specimen 

Design 0 

inir 

Thickness, 

mm 

Temp. , 
°C 

Test 

Sequence 

Cumulative 
Time, h 

112 

IC400 

(c) 

78.5 

2.78 

870 

1 

4.9 






870 

2 

9.9 






875 

3 

14.9 






760 

4 

19.6 






760 

5 C 

24.6 






760 

6 

29.6 






705 

7 

— 






815 

8 

38.7 






870 

9 

43.0 

113 

LR400 

(c) 

78.5 

2.36 

870 

1 

5.0 






815 

2 

10.0 






760 

3 

15.4 






705 

4 

20.4 


a For alloy code, see Table 2. 
oxidation between tests. 

b Solid flat specimen, see Fig. 

c Not analyzed due to high seal 


All tests conducted in pure H 2 without exit-side 

10(c). 
leak rate. 
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TABLE 10. PURE HYDROGEN PERMEABILITY IN SIX MODIFIED 19-9DL ALLOYS (Task VIII) 


19-9DL Alloy 

Permeability 

» — ■ — - 

Coefficient ($) 
cm 3 (STP) cm“ 

i 'i-FJK-TTi 

Temperatures, 

Modification, % 

7U5T~TWTJ 

76U"T riO'33 10 

81 5® C (TOHB H 

U/U°C (1143 K) 

2 . 5Ni + 0.5A1 

1.42 E-05 

4.27 E-05 

8.56 E-05 

1.38 E-04 

2.5Ni + 1.0A1 

3.50 E-05 

6.01 E-05 

9.93 E-05 

1.98 E-04 

2.5Ni + 2.0Nb 

1.45 E-05 

3.72 E-05 

9.96 E-05 

2.11 E-04 

5.0Ni + 5.0Nb 

3.02 E-05 

7.29 E-05 

1.72 E-04 

1.92 E-04 

2.5N1 + 0.1MM a 

2.76 E-05 

5.10 E-05 

9.02 E-05 

1.83 E-04 

2.5Ni + 0.3MM a 

1.93 E-05 

4.67 E-05 

6.54 E-05 

1.75 E-04 


Note: All Task VIII and IX tests were initiated at 870°C with the specimen 
exit surface in the as-machined condition. At all subsequent lower temperature 
levels, the exit surface of the specimen was oxidized having been left open 
with access to air at the test temperature for 16 to 18 h before the next test. 

a MM = Mi sch metal . 


TABLE 11. PURE HYDROGEN PERMEABILITY RANKING 
OF SIX MODIFIED 19-9DL ALLGYS (TASK VIII) 



Permeability 

Ranking of Alloys at Different Test Temperatures 

Rank 

/OS w C (9/8 K) 

760 C (1033 K) 

815 C (i 088 K) 

870 C (1143 K) 

Least 

2.5Ni , 0.5A1 

2.5Ni , 2.0Nb 

2.5Ni , 0.3MM a 

2.5Ni , 0.5A1 


2.5Ni, 2.0Nb 

2.5Ni , 0.5A1 

2.5Ni, 0.5A1 

2.5Ni , 0.3MM 

I 

2.5Ni, 0.3MM 

2.5Ni , 0.3MM 

2.5Ni , 0.1MM 

2.5Ni , 0.1MM 

\ 

2.5Ni, 0.1MM 

2.5Ni, 0.1MM 

2.5Ni , 1 .OAT 

5. ONi, 5. ONb 


5.0Ni , 5.0Nb 

2.5Ni, 1.0A1 

2.5Ni, 2. ONb 

2.5Ni, l.OAl 

Highest 

2.5Ni, 1.0A1 

5 .ONi , 5 .ONb 

5. ONi, 5. ONb 

2.5Ni, 2. ONb 


a MM = Mi sch metal . 
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TABLE 12. PURE HYDROGEN PERMEABILITY IN XF-818.CRM-6D , 
SA-F11, AND HS-31 ALLOYS (TASK IX) 


Permeability Coefficient ($) at Different Temperatures, 
cm 3 (STP) cm"* s' 3 MPa'*/ 2 


Alloy 

705°C (978 K) 

760°C (1033 K) 

815°C (1088 K) 

870°C (1143 K) 

XF-818 

(Mod.) 

3.90 E-05 

6.95 E-05 

1.23 E-04 

1.73 E-04 

CRM-6D 

(Mod.) 

1.01 E-05 

1.16 E-05 

1.08 E-04 

1.07 E-04 

SA-F11 

(Mod.) 

1.30 E-05 

2.16 E-05 

5.18 E-05 

9.35 E-05 

HS-31 

(Mod.) 

9.50 E-06 

3.10 E-05 

5.34 E-05 

1.12 E-04 


TABLE 13. PURE HYDROGEN PERMEABILITY IN TWO LONG-RANGE ORDERED ALLOYS 

(TASK X) 


Permeability Coefficient U) 
cm 3 (STP) cm' 

at Different Temperatures, 
1 s' 1 MPa' 1 / 2 

870°C (1143 K) 

815°C (1088 K) 

760°C (1033 K) 

705°C (978 K) 


Alloy Ni-<A1 


Sequence 1 

Sequence 3 

Sequence 6 

Sequence 7 

1.97 E-05 

1.45 E-05 

1.03 E-05 
(4.9 h) d 

1.37 E-06 
(14.9 h) 

1.85 E-06 

2.17 E-06 
(29.6 h) 

5.18 E-07 
(34.4 h) 


Alloy (Fe,Ni),(V,Al) 


Sequence 1 

Sequence 2 

Sequence 3 

Sequence 4 

8.62 E-06 

8.27 E-06 
(5.0 h) 

4.32 E-06 

4.25 E-06 
(10.0 h) 

2.50 F.-07 
(15.4 h) 

3.06 E-07 

6.28 E-07 
(20.4 h) 


a Values in parentheses indicate cumulative testing hours on specimens. 
Specimen exit surfaces were not oxidized between different sequences. 
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TABLE 14. HYDROGEN PERMEABILITY IN N-155, IN 800, 19-9DL , AND A-286 ALLOYS 

(TASK VII ) a 


Hp Permeability at Different Test Temperatures, 

E-06 units' 3 


Test 


7UF 

’t 

750^ 

SIFT 

57TT J C 

No. 

Alloy 

(978 

K) 

(1033 K) 

(1088 K) 

(1143 K) 




u 

-Doped Hydrogen 





56 c 

N-155 

23.4 

(3) d 

10.3 

(2) 

2.91 

(1) 









48.1 

(5) 



59 c 

N-155 

47.3 

(3) 

43.8 

(2) 

64.4 

(1) 

35.1 

(9) 



45.2 

(5) 

35.8 

(6) 

36.7 

(7) 



61 

N-155 







78.4 

(1) 

63 

N-155 

19.2 

(1) 

25.6 

(2) 

42.0 

(3) 

41.1 

(7) 

76 

N-155 

<1.1 

(4) 

<1.1 

(3) 

<1.1 

(2) 

32 

(1) 









<1.1 

(5) 

77 

N-155 

12.8 

(4) 

23.1 

(3) 

35.8 

(2) 

89.8 

(1) 









46.2 

(5) 

64 

IN 800 

27.1 

(1) 

35.3 

(2) 

44.5 

(3) 

39.1 

(4) 

65a 

IN 800 







127 

(1) 

65b 

IN 800 

42.4 

(4) 

35.3 

(5) 

85.1 

(2) 

102 

(1) 









94.1 

(5) 

68 

IN 800 





0.98 

( 19 ) e 









73.6 

(9) 



69 

IN 800 





22.6 

(2) e 









28.1 

(1) 



71 

IN 800 





1.58 

(10) e 









94.1 

(2) 



72 

IN 800 





7.0 

(9) e 









48.3 

(3) 



74 

IN 800 





103 

(3) e 









589 

(8) 



75 

IN 800 





<1.1 

( 7 -10 ) e 









113 

(1) 



70 

19-9DL 





32.4 

(1) 



78 

19-9DL 

29.6 

(4) 

13.5 

(3) 

38.0 

(2) 

80.3 

(1) 

80 

19-9DL 

2.3 

(4) 

13.3 

(3) 

44.5 

(2) 

99.2 

(1) 

79 

A-286 

13.1 

(5) 

8.55 

(3) 

33.2 

(2) 

124 

(1) 



3.94 

(4) 







82 

A-286 

10.5 

(4) 

29.7 

(3) 

43.5 

(2) 

160 

(1) 


ORIGINAL PAGE IS 
OF POOR QUALITY 
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TABLE 14 (cont.) 


Ho Permeability at Different Test Temperatures, 

E-06 units b 


Test 

No. 

Alloy 

“ 7Ub"°C 

(978 K) 

7WZ 

(1033 K) 



(1088 K) 

H7TTT 

(1143 K) 



1% CO-Doped Hydrogen 




66 

IN 800 

18.2 (8 ) e 

22.3 (3) 

47.7 

(2) 

60.6 

(7) e 



29.3 (6) 




193 

(1) 

67 

IN 800 

28.3 (9) e 

24.9 (2) 

35.6 

(3) 

73.0 

(10) e 



39.6 (5) 

45.4 (14 

64.0 

(13) 

96.0 

(4) 


Pure Hydrogen 

73 IN 800 7.8 (7) e 

53.6 (i.) 


a For test parameter details see Table 6. 
b Unit = cm 3 cm" 1 s" 1 MPa" 1 / 2 . 

c Two tests were made with N-155 only at 650°C with the following results: 

Test 56: <f> = 1.90 E-05 units 
Test 59: <j> = 4.68 E-05 units 
2.24 E-05 units 

d Numbers in parentheses indicate test sequence, starting with sequence 1. 
e See Table 15 for actual values for each sequence. 


47 


TABLE 15. HYDROGEN PERMEABILITY FOR IN 800 EXPOSED FOR LONG DUR/» T 10NS 


Test 

No. 

Temp . , 
°C (K) 


Permeability 

at Different 

Sequences 3 (in E-06 

units) 

b 





Pure Hydrogen 





73 

815 (1143) 

53.6 

(1) 

40.8 

(2) 

33.0 

(3) 

29.3 

(4) 

40.9 

(5) 

36. l c 
(6) 

7.8 20.6 
(7) (8) 

16.2 

(9) 

32.9 

(10) 





1 % CO-Doped Hydrogen 




66 

705 (978) 

19.6 

(4) 

29.3 

(6) 

1 8.2 
(8) 

24.0 

(10) 







870 (1143) 

19.3 

(1) 

74.3 

(5) 

60.6 

(7) 

84.0 

(9) 

87.7 

(11) 





67 

705 (978) 

28.6 

(1) 

39.6 

(5) 

28.3 

(7) 

28.3 

(9) 

29.7 

(11) 

3o.5 

(15) 





870 (1143) 

96.0 

(4) 

81.7 

(6) 

93.5 

(8) 

73.0 

(10) 

82.8 

(12) 









1% CO, 

-Doped Hydrogen 




68 

815 (1088) 

64.0 

(1) 

40.4 

(2) 

45.4 

(3) 

63.0 

(4) 

33.9 

(5) 

61.9 

(6) 

46.4 54.8 
(7) (8) 

73.6 

(9) 

53.4 

(10) 



72.6 

(11) 

42.9 

(12) 

45.3 

(13) 

31.2 

(14) 

68.4 

(15) 

34.5 

(16) 

30.2 7.12 
(17) (18) 

0.98 

(19) 

11.0 

(20) 



5.66 

(21) 

5.74 

(22) 

8.92 

(23) 

3.97 

(24) 

6.72 

(25) 

5.57 

(26) 

2.87 

(27) 



69 

815 (1088) 

28.1 

(1) 

22.6 

(2) 

27.3 

(3) 

26.7 

(4) 






71 

815 (1088) 

34.2 

(1) 

94.1 

(2) 

60.4 

(3) 

63.5 

(4) 

73.6 

(5) 

18. 9 C 
(6) 

10.6 17.9 
(7) (8) 

9.9 

(9) 

1.58 

(10) 

72 

815 (1088) 

24.8 

(1) 

47.0 

(2) 

48.3 

(3) 

45.9 

(4) 

4u.Q 

(5) 

14. 2 C 
(6) 

11.1 8.05 

n) (8) 

7.02 

(9) 


74 

815 (1088) 

169 

(1) 

115 

(2) 

103 

(3) 

331 

(4) 

160 

(5) 

199 c 

(6) 

589 462 
(8) (9) 

269 

(10) 


75 

815 (1088) 

113 

(1) 

40.5 

(2) 

17.6 

(3) 

8.58 

(4) 

6.17 

(5) 

1.76 c 

(6) 

<1.1 <1.1 
(7) (8) 

<1.1 

(9) 

<1.1 

(10) 


a Sequence numbers are given In parentheses below the permeability values. 
b Un1t = cm 3 cm -1 s" 1 MPa -1 / 2 . 

c Exit surface oxidized starting from this sequence. 
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TABLE 16. A COMPARISON OF PERMEABILITY OF DOPED VS. PURE K ? 
IN N-155, IN 800, 19-9DL, AND A-286 ALLOYS 


Alloy 

Environment 

H« Permeability Coefficient 
(in E-06 units) 3 
7UTTlWTn BTS'T’ (T0B8TT 

N-155 

Doped 

22 

48 


Pure 

10 

27 

19-9DL 

Doped 

3.4 

38 


Pure 

7.2 

IS 

IN 800 

Doped 

29 

68 


Pure 

10 

23 

A-286 

Doped 

9.2 

51 


Pure 

13 

27 


a Unit = ca^ cm"’ MPa"*/- 

TABLE 17. DOPED HYDROGEN PERMEABILITY IN SIX MODIFIED 19-9DL ALLOYS (TASK VIII) 


19-9DL Alloy 

Permeability Coefficient (+) 
cm^ (STP) cm"* 

at Different Temperatures, 
s" 1 MPa"* /2 

Modification, % 

/Ob C (9/8 K) 

/6U C (1033 K) 

815 C (1088 K) 

8/U C (1143 K) 

2.5N1 + 0.5A1 

8.28 E-06 
7.09 E-06 

2.81 E-05 
1.74 E-05 

5.36 E-05 
4.91 E-05 

1.01 

1.12 

E-04 

E-04 

2.5N1 + 1.0A1 

3.28 E-06 
3.02 E-06 

3.01 E-05 
6.72 E-06 

5.94 E-05 
2.46 E-05 

1.21 

1.70 

E-04 

E-04 

2.5Ni + 2.0Nb 

1.01 E-05 
4.52 E-06 

1.83 E-05 
9.45 E-06 

5.64 E-05 
4.21 E-05 

1.42 

1.42 

E-04 

E-04 

5. ONI + 5.0Nb 

1.43 E-05 
8.40 E-07 

2.C5 E-05 
a 

2.57 E-05 
1.05 E-05 

2.03 

i.70 

E-04 

E-04 

2.5N1 + O.IMM 6 

6.31 E-06 
1.70 E-05 

2.33 E-05 
4.50 E-05 

5.20 E-05 
6.52 E-05 

1.53 

1.82 

E-04 

E-04 

2.5N1 + 0.3MM 6 

2.12 E-05 
1.41 E-05 

3.50 E-05 
3.21 E-05 

5.74 E-05 
4.43 E-05 

1.77 

1.82 

E-04 

E-04 


a Seal problem. 
b MM = Ml sc v metal 
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TABLE 18. HYDROGEN PERMEABILITY RANKING OF SIX MODIFIED 
19-SOL ALLOYS IN DOPED H 2 (TASK VIII) 


Permeability Ranking of Alloys at Different Test Temperatures 
Rank 7G5T"1978"T0 7BtTT'l'nJJJTy STF'C (1088 K ) — BTOT UTO H 


Least 

2.5Ni , i.OAl 

5.0Ni , 5.0Nb 

5 . ONi , S.ONb 

2.5!Ji, 0.5A1 


2.5N*. 2.0Nb 

2.5Ni, 2.0Nb 

2.5Ni, I.OAl 

2.5Ni, I.OAl 


5. r Ni, S.ONb 

2.SNi , I.OAl 

2.5Ni 4 2.0Nb 

2.5Ni , 2.0Nb 


2.5N1 i. .5A1 

2.5Ni , 0.5A1 

2.5Ni , 0.3MM® 

2.5Ni, O.IMM 


2.5N1 , O.IMM 

2.5Ni , 0.3MM 

2.5Ni , 0.5A1 

2.5Ni , 0.3MM 

Hi ghest 

2.5Ni, 0.3MM 

2.5N1, 0.1W 

2.5Ni, O.IMM 

5. ONi, 5.0Nb 


a tti = Mi sch metal . 


TABLE 19. HYDROGEN PERMEABILITY IN ALLOYS XF-818, HS-31, SA-F11, 
AND CRM- 6 D IN PURE AND It CO 2 -D0PED HYDROGEN (TASK IX) 



Test 

Temp., 

Environ- 

Permeability ( 41 ), 

3 -1 -1 

cnr cm A s 

MPa -1/2 

Sequence 

°C (K) 

ment 

XF-818 

RS^31 

SA-F 11 

CRM- 6 D 

1 

870 

(1143) 

Doped 

1.29 E-04 
( 101 ) a 

1.04 E-04 
( 102 ) 

8.16 E-05 
(104) 

5.80 E-05 
(104) 



Pure 

1.73 E-04 
(105) 

1.12 E-04 
(108) 

9. 35 E-05 
(107) 

1.07 E-04 
(106) 

2 

815 

(1088) 

Doped 

5.67 E-05 
( 101 ) 

5.86 E-05 
( 102 ) 

2.15 E-05 
(103) 

4.19 E-06 
(104) 



Pure 

1 .23 E-04 
(105) 

5.34 E-05 
(108) 

5.18 E-05 
(107) 

1.08 E-04 
(1G6) 

3 

760 

(1143) 

Doped 

2.90 E-05 
( 101 ) 

2.37 E-05 
( 102 ) 

1.48 E-05 
(103) 

1.34 E-06 
(104) 



Pure 

6.95 E-05 
(105) 

3.10 E-05 
(108) 

2.16 E-05 
(107) 

1.16 E-05 
(106) 

4 

705 

(978) 

Doped 

1.31 E-05 
( 101 ) 

8.76 E-06 
( 102 ) 

5.65 E-06 
(103) 

1.32 E-06 
(104) 



Pure 

3.90 E-05 
(105) 

9.50 E-06 
(108) 

1.30 E-05 
(107) 

1.01 E-05 
(106) 

5 

870 

(1143) 

Doped 

1.06 E-04 
( 101 ) 

8,24 E-05 
( 102 ) 

2.28 E-05 
(103) 

1.10 E-05 
(104) 


a Test numbers are given in parentheses. 
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TABLE 20. REGRESSION ANALYSIS OF PERMEABILITY 
COEFFICIENT FOR FOUR ALLOYS (TASK IX) 


Regression Analysis Data 


Alloy 

Environ- 

ment 

Y- Intercept 
(In fQ ) 

Q/R 

0, 

kJ/mole 

Corr. 

Coeff. 

R2 

XF-818 

Doped 

4.36 

-15.3 

127 

1.00 


Pure 

10.4 

-10.3 

86 

0.99 

HS-31 

Doped 

5.93 

-17.2 

143 

0.99 


Pure 

5.13 

-16.2 

135 

0.98 

SA-F11 

Doped 

5.23 

-17.0 

141 

0.95 


Pure 

2.76 

-13.8 

115 

0.99 

CRM-60 

Doped 

11.2 

-24.9 

207 

0.78 


Pure 

7.68 

-19.0 

158 

0.82 


TABLE 21. EFFECT OF EXIT SURFACE OXIDATION ON PERMEABILITY 
FOR IN 800 AT 815°C (TASK VII) 


Permeability Coefficient after Given Time, 


10“^ cm^ cm - * s“* MPa~*^ 


Test 

Specimen 

Environ- 

Before Exit 
Surface Oxidation 

After Exit 
Surface Oxidation' 

No. 

Design 

ment 

TIT 

15 h 

IbT 


4Fh 

55 I 

71 

Thick,** 

solid 

Doped H ? 

80 

75 

65 

35 

15 

2 

72 

Thin, 

solid 

Doped H? 

40 

35 

30 

15 

5 

<1 

73 

Thin, 

solid 

Pure H 2 

40 

40 

35 

25 

15 

<1 


including time before exit surface oxidation. 
^Thick = 5.96 nin; thin = 2.62 mm. 
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TABLE 22. EFFECT OF SPECIMEN DESIGN ON HYDROGEN PERMEABILITY 


Alloy 

Specimen 
Design 
(Fig. 10) 

Test 

Area, 

s»2 

Test 

Thickness, 

an 


Test 

Sequence 

Permeability, 
E-06 units® 

N-155 

(d) 

4.4 

0.89 

705 


<l.l c 





760 

3 b 

<1.1 





815 

2 b 

<1.1 





870 

1 K 

32 





870 

5 b 

<1.1 

N-155 

(e) 

31.2 

0.89 

705 

< 

13 





760 

3 b 

23 





815 

2 h 

36 





870 

1 

X 

90 





870 

5 b 

46 

19-9DL 

(e) 

17.6 

0.86 

705 

4 b 

3.4 





760 

3 b 

13 





315 

ob 

t- 

45 





870 

1 

99 

19-9DL 

(e) 

31.2 

0.86 

705 


30 





?60 

3 b 

14 





815 

2 b 

38 





870 

1 

SO 


a 'jnit = cm 3 cm -1 s _1 MPa" 1/2 


0 Specimen exit surface oxidized between sequences. 
c Total hydrogen volwe was too low for accurate detection. 
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TABLE 23. HYDROGEN PERMEABILITY IN 19-90L ALLOYS EXPOSED FOR LONG DtTxATIGNS 


Test 

No. 

Temp., 
C (K) 

Alloy 

H 2 Permeability 

at Different Sequences, 8 
E-06 units b 

109 

815 

(1143) 

Std. 19-9DL 

1.47 

(3) 

3.64 

(4) 

4.02 

(5) 

2.43 

(6) 

2.65 1.58 
(7) (8) 

110 

815 

Mod. 1S-9DL 

13.6 

33.6 

27.7 

22.2 

12.8 


(1143) 

(2.5N1 + 2.0Nb) 

(1) 

(2) 

(3) 

(4) 

(5) 

111 

815 

Mod. 19-SOL 

161 

11.2 

78.9 

24.2 

16.5 


(1143) 

(2.5N1 + i.OAli 

(1) 

(2) 

(3) 

(4) 

(5) 


a Seqaence rrsdbe'-s are given in parentheses below tne pemeaoility values. 
L 'iin1c * c* 5 cm" 1 s" 1 KPa‘ 1/Z . 
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Neg. No. 53538 1 2 5X 

(a) 


ORIGINAL PAGE .'S 
OF POOR QUALITY 

t ■■%■■■ ■■ ... - a * r~M AC,. 

* - £ * 



Neg. No. 53539 

\b) 



Neg. No. 535^0 125X 

<c) 


Figure I. Typical optical and S£M photomicrographs of standard and modi fie 
15-9DL alloys. (a-c ) Optical, (d,e) STM. (a) Unmodified 19-9DL (std.); 

( b,d ) alloy code CA (2.SM , 0.SA1) ; and (c,e) alloy code CB (2.5Ni , 2A1) . 





No. 7585 
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SEM No. 7599 


910 





re 3 
di f i • 

. Optical and SBM photomi t 
ed 19-9DL alloy, code CE { l 

:rographs 
mi , SBb) . 

and 

(a 

EDX fr 
) Opti 

) ED 

X from blacky particles in 

(cl show: 

Ing h 

iqh Nb 








> 4. Typical optical and SEN photomicrographs ; 
restructures in modified 19-9DL alloys , codes c, 
! 1} and CG (2.5Ni, 0.3 misch metal), (a) Alloy 
alloy code CF, SEM; (c) alloy code CG, optical 
StM. 
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SEM photomicrographs of alloy &A-FA1 and HS-31 
(b) lamellar carbides. HS-31: ( c ) low maqn. 
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Neg. No. 55*?3 


ICOX 

StH No. 111? 


XI DO 


(c) 



(d) 



Figure 8. Optical and SEN photomicrographs of >or;g~t , or; >■ 1 alloys Si #1 

and {'Pe,Ni ) (V,Ai) . tt< : la) optical, (b) OFF , Fo-ksoM ter <:d) t and 

I Fe ,Ni } (V ,Ai) : (c) optical, Id) SEN (backs, >-, d ) . Ft -h.tnt : HF, II Pf) , 

HW.. f HCl, acet ic acid and water . 
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photomicrographs a m 
•iog facet'-* ■ -■i a f, 
c) optica cicrogra] 
faceted p*t tide fr< 


W spectra of (Fe,Ni} 
il tmga ted seccmd-pha$< 
■hotting particle dist 
i>) . 
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o> 

cn 



1 . 

2. High-Pressure Valve 
3- Mechanical Pump 
k. Safety Relief Valve 
5. Dump Valve 


6. Rupture Dltk 



8. Sampling Port 

9. Check Valve 

10. Hydrogen Reservoir 

11. Thermistor Tube 

12. Thermistor Control 

13. lamp to Thermocouple 


Figure 11. Schema tic 



of the high press ure-hlgh temperature permeation system. 
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Fiajre 12. Desiun of internals of pemeability test vessc-l . 


66 







Nitrogen Volume, 
0.1 0.2 C. 3 0 


o 10 


O > J 

= S 



Figure 13. Calibration curve for 
vessel /thermistor gau 


Pig’ire 14. Suhr^nar/c representation 
and permeation traces sf chart recc 
difference (&) , the net permeation 





Hydrogen, ml 

















Permeability (4>) , cnr cm s MPa 


Temperature, °C 
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Figure 19. Effect of temperature on permeability in high-temperature 
alloys in pure H environment (Task IX) . 
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Figure 20. Effect of temperature on yield strength of long-range 


ordered alloys. 


T = critical 
c 


ordering temperature. 


55.2 


41.4 


27.6 


13.8 


0 


73 


Yield Strength, MPa 



MPa 


Temperature, °C 



Figure 21. Effect of temperature on permeability in long-range ordered alloys, 
Ni jAl and (Fe ,Ni) ^(V ,Al) in pure (Task X) . 
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Permeability (<J>) , cur cm s“ MPa 


5 E-Ol* 


1 E-04 


V 5 E-05 


1 E-05 


5 E-06 


1 E-06 


5 £-07 


Figure 22. 


Temperature, °C 

870 815 760 705 650 



1000/T, K 

Effect of temperature on permeability in commercial N-155, 19-9DL 


IN 800 , and A-286 in pure (Task I) and 1 % CO ^-doped H ' (Task VII) . 
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Permeabi 1 ity (4>) 







Permeability (<J>) , cm 3 cm s MPa 


Exit surface oxidized 
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Permeability (<J>) , cm" 5 cm s MPa 
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OF POOR QUALITY 



Figure 25. Effect of exit surface oxidation on H ^ permeability in IN 800 
at 815°C, 2.65 mm thick specimen. It CO + H 2 (test 72). 
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( 7 ) 


( ) Test sequence 

I Range of values 
of different series 
within a sequence 


20 30 40 50 60 

Time, h 


Figure 26. Effect of time on H 2 permeability in IN 800 at 815°C, 2.65 mm 

thick specimen , pure (test 73). 
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Permeability (<J>) , cm 3 cm" s" MPa 



Figure 30. Effect of time on H 2 permeability in IN 800 at 815 n C, 0.89 mm 
thick specimen, 1% CO^-doped H ' (test 75) . 
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